Protein post-translational modification (PTM) by acetylation at the ε-amine on lysine residues in proteins regulates various cellular processes including transcription and metabolism. Several metabolic and genetic perturbations are known to increase acetylation of various proteins. Hyper-acetylation can also be induced using deacetylase inhibitors. While there is much interest in discovering drugs that can reverse protein acetylation, pharmacological tools that increase non-enzymatic protein acetylation are needed in order to understand the physiological role of excess protein acetylation. In this study, I assessed whether inhibition of pyruvate dehydrogenase kinase (PDHK) could cause protein hyper-acetylation due to excess production of acetyl-CoA by pyruvate dehydrogenase (PDH). Western blot of total protein from dichloroacetate (DCA) treated hepatocytes with anti-acetyl-lysine antibody showed increased protein acetylation, and seahorse respirometry of DCA pretreated hepatocytes indicated a subtle decrease in basal and maximal respiratory capacity.
INTRODUCTION
Protein diversity from the roughly 20,000 human genes is augmented after transcription through multiple processes, including alternative splicing 1 and protein PTMs 2 . Modern mass spectrometry technology has enabled the detection and quantification of this protein diversity 3 . In particular, significant progress has been made in detecting PTMs; mass spectrometry-based proteomic studies now routinely detect and quantify thousands of PTM sites.
One of the most well-studied groups of PTMs is lysine ε-acylation 4 . Proteins can be acylated on lysine residues by almost any small molecule that exists as a CoA conjugate, or even by other proteins such as SUMO and Ubiquitin 5 . Acylation can be either enzymatic (such as from p300/CBP 6 ) or non-enzymatic. Non-enzymatic acylation results from high local concentrations of reactive carbon species 7 . Protein acylation is important because there are several examples of altered protein function resulting from acylation. For example, recent work showed that uncoupling protein 1 (UCP1) is succinylated at K56 and K151, which decreases UCP1 uncoupling activity 8 .
Several seemingly disparate conditions are reported to increase mitochondrial protein acetylation, including genetic deletion of Sirt3 9 , calorie restriction 10 , ketogenic diet 11 , chronic ethanol consumption 12 , and chronic high fructose or glucose consumption 13 .
Nuclear histone acetylation is also induced by metabolism and is linked to ACLY protein activity, which makes acetyl-CoA in the cytosol from citrate [14] [15] [16] . All these conditions must increase the equilibrium level of acetylation by either altering the production of acetyl-CoA or altering the rate of lysine acetylation removal. Protein acylation is removed by deacetylases, which include the NAD+-dependent class of deacetylates named Sirtuins 17 . Considerable effort has been devoted to the study of Sirtuin proteins since the discovery that their activity is positively correlated with lifespan 18, 19 . Sirtuins isoforms exist in the nucleus 20 , cytoplasm 21, 22 , and mitochondria 17 .
It is now widely accepted that the various isoforms of Sirtuins remove different types of acyl groups, including acetylation, succinylation, malonylation, and palmitoylation.
Acetyl-CoA that can cause non-enzymatic protein acetylation is produced in the mitochondria by one of two paths: (1) from glycolytically-produced pyruvate by PDH, or (2) from beta oxidation of fatty acids by trifunctional enzyme. In this report, I describe preliminary results that suggest protein acetylation is increased by treatment with DCA, which increases production of mitochondrial acetyl-CoA by inhibition of PDHK 23 . PDHK inhibits PDH by phosphorylation 24, 25 ; DCA treatment removes the brakes that slow the entry of carbon from glycolysis into the TCA cycle. Functional analysis of DCApretreated hepatocytes with oxygen flux analysis suggests that DCA-induced hyperacetylation is associated with subtle decreases in basal and maximal respiration. Proteins in the gel were then transferred to PVDF membranes. The membrane containing proteins was blocked for 1 hour at room temperature (RT) with 5% powdered milk in tris-buffered saline with 0.1% tween (TBST), washed 3 times with 10 mL of TBST for 5 minutes each, and then incubated with primary antibody (Cell Signalling Technologies, Acetylated-Lysine MultiMab Rabbit mAb mix #9814) according to the manufacturer's instructions.
METHODS

Drug treatments
Seahorse respirometry experiment
HepG2 cells were plated at 20,000 cells per well in 96-well seahorse plates and cultured for 48 hours in DMEM media containing 25 mM glucose, 10 mM HEPES, 1% AlbuMax (lipid-saturated BSA), and 5 mM carnitine with or without 5 mM dichloroacetate (DCA).
To prime cells for fatty-acid utilization 26 , cells were then switched to substrated-limited base DMEM media (deplete of pyruvate, glucose, and glutamine) supplemented with 0.5 mM glucose, 1 mM GlutaGRO, 0.5mM carnitine, and 1% FBS. Forty-five minutes before the assay, cells were washed once with KHB 111 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl2, 2 mM MgSO4, 1.2 mM NaH2PO4) supplemented with 2.5 mM glucose, 0.5 mM carnitine, and 5 mM HEPES, and then incubated with the same media containing 0.1% AlbuMax at 37° C in a CO2-free incubator. Then the oxygen consumption rate was measured at baseline and after sequential addition of 1 μM oligomycin (inhibitor of ATP synthase), 50 mM 2-deoxyglucose (inhibitor of glycolysis), 1 μM FCCP (proton gradient uncoupler), and 0.5 μM each of Rotenone and Antimycin A (inhibitors of complex I and cytochrome C reductase, respectively).
RESULTS
Multiple cell culture media compositions were compared to determine conditions that increase total cellular protein acetylation as assessed by anti-acetyl-lysine western blot.
Changes in the carbon source or nutrient composition did not have a significant influence on the relative amount of protein acetylation (data not shown). Treatment with DCA to allow unregulated production of Acetyl-CoA from glucose carbon increased protein acetylation, whereas inhibition of glycolysis with 2-DG treatment appeared to decrease protein acetylation (Figure 1A, 1B) . Histone acetylation signal in the low molecular weight region of the membrane was mostly unchanged across samples from FL83B treated cells (Figure 1C) , but a subtle increase in acetylated histone signal was apparent in samples from DCA-and Etomoxir-treated HepG2 cells (Figure 1D) .
Ponceau staining of the PVDF membrane showed relatively consistent loading of total protein across treatments (Figure 1E, 1F ). To determine whether DCA-induced protein hyperacetylation has a functional influence on the cellular metabolism, seahorse respirometry was used to measure oxygen consumption of cultured cells (Figure 2A) . Cells were pretreated with DCA for 48 hours and then the drug was removed, and cells were exchanged into substrate-limited media to prime cells for fatty acid utilization. Oxygen consumption was measured in media containing carnitine and lipid saturated BSA. The oxygen consumption rate was corrected for total protein in each well as measured by BCA assay. The basal and maximal respiration of DCA-pretreated cells was significantly lower than controls (Figure 2B, 2C) . 
DISCUSSION
The results presented here suggest that unregulated flow of carbon from pyruvate into the mitochondria is sufficient to induce cellular protein hyperacetylation. Although it is likely that the hyperacetylated proteins are primarily mitochondrial due to their proximity to the production of acetyl-CoA from pyruvate, additional experiments with mass spectrometry are needed to determine the exact protein positions that are hyperacetylated. The results presented here further show that this protein hyperacetylation is associated with decreased mitochondrial respiration, which is consistent with previous reports that hyperacetylation slows mitochondrial metabolism 27 .
Because media containing DCA was removed 24 hours before seahorse analysis, this altered respiration must result from cellular memory of the treatment, perhaps mediated by protein hyperacetylation.
Although the decreased respiration observed here is associated with protein hyperacetylation, there are many potentially confounding processes that may also explain this change. More work is needed to validate this effect in other cell lines and other metabolic conditions. Due to limited resources available for this study, the results reported here are preliminary, and should serve as a starting point for future studies rather than an assertion that these observations are a ground truth. Still, the data does suggest that carbon from glycolysis can be a primary driver of protein acetylation in agreement with my previous report 13 . DCA treatment may be an effective new pharmacological tool that enables deeper study of cellular protein hyperacetylation.
This preliminary work lays the groundwork for multiple future experiments. As suggested above, these experiments with DCA, 2-DG, and etomoxir treatment should be repeated with media containing 13 C-glucose followed by mass spectrometry-based bottom-up proteomics workflows 28 in order to verify that protein acetylation sites in proteins are indeed increased, and determine the identity of those sites that are most influenced. By using heavy glucose, this experiment would also provide definitive proof as to whether or not carbon from glycolysis can, in fact, serve as the primary carbon source for protein acetylation as suggested previously 13 . This would contradict a previous assertion that carbon for protein acetylation is exclusively from fatty acids 29 .
Next, an array of media conditions with and without the same drugs should be used to treat cultured cells for oxygen flux analysis. For example, are the effects DCA-induced acetylation like those caused by Sirt3 inhibition with NAD+ and/or trichostatin A? Finally, it would be fascinated to administer DCA to mouse models and observe their respiratory exchange ratio with CLAMS cages.
